Background: Perinatal asphyxia is a major cause of neurologic morbidity and mortality in infants. Objective: Determine the serum level of interleukin-6 (IL-6) in neonates with perinatal asphyxia and its relation to the severity of hypoxic-ischemic encephalopathy and short term neurological outcome. Methods: Serum IL-6 levels were measured at birth, and at 24 and 48 hour post-partum in 37 consecutive uninfected neonates with peri-natal asphyxia and 45 randomly selected healthy newborns. Results: Serum IL-6 concentrations in the infants who developed hypoxic-ischemic encephalopathy was 43 folds higher compared to values in the normal infants (p < 0.001) and 1.9 folds higher as compared to infants with asphyxia who did not subsequently develop hypoxic-ischemic encephalopathy (p <0.001). Serum IL-6 concentrations were also related to the degree of hypoxic-ischemic encephalopathy and neurologicaldevelopmental outcomes at the time of discharge. Conclusion: Serum levels of IL-6 increased in neonates with asphyxia, and this was most pronounced in neonates with adverse outcomes.
Perinatal asphyxia is a common cause of infant morbidity and mortality in neonatal period and longer-term neurologic disabilities [1] . It is estimated that 2-4/1000 full-term neonates suffer asphyxia at or shortly before birth. Approximately 15% to 33% of infants developing hypoxic-ischemic encephalopathy (HIE), die during the neonatal period, and 25% of the survivors will exhibit permanent neuropsychologic deficits [2, 3] . Four million neonates are affected by severe perinatal asphyxia worldwide each year. Out of these, 800,000 die as a result, and another 800,000 develop clinically significant sequelae [4] . There is evidence supporting the involvement of the inflammatory cascade in the pathogenesis of ischemic brain injury. Inflammation triggered by ischemia of the central nervous system (CNS) is characterized by polymorphonuclear cell recruitment, requiring the expression of specific adhesion molecules and chemotactic factors, and is followed by monocytes and microglial activation [2, 5] . Interleukins are synthesized and secreted in response to stimuli by lymphocytes, monocytes, and macrophages [2] . Experimental models suggest the involvement of cytokines, especially IL-6, in ischemic brain damage. Although cytokines appear to modulate the apoptosis of CNS cells, promoting differentiation, proliferation, and subsequent leukocyte infiltration, the exact role of pro-inflammatory cytokines such as IL-6 as potential mediators during the progression of brain injury is unclear [6] .
To our knowledge, there are only few previous studies [7] [8] [9] that have evaluated the association between hypoxia-ischemia and the release of cytokines. Furthermore, there is insufficient evidence to validate the utility of these cytokines in the prediction of clinical outcomes [10, 11] . In the present study, we investigated the association between serum IL-6 concentration with clinical outcomes and severity of perinatal asphyxia.
Methods

Study population
This was a prospective case-control study conducted between June 2007 and July 2008, in Ghaem Hospital, Mashhad, Iran. The study was undertaken with the approval of the Ethics Committee of the Mashhad University of Sciences, and parental informed consent was obtained for every neonate before inclusion in the study. Perinatal asphyxia was defined as the presence of at least two of the following conditions:
1) Signs of fetal distress (heart rate of less than 100 beats per minute, late decelerations, or an absence of heart rate variability).
2) Thick, meconium-stained amniotic fluid and respiratory depression hypotonia or bradycardia.
3) APGAR score (determined by evaluating the following parameters of the newborn: heart rate, respiratory effort, muscle tone, response to catheter in nostril and color) of four or less at one minute or six or less at five minutes. 4) A need for resuscitation for more than one minute with positive-pressure ventilation and oxygen immediately after birth.
5) Blood pH value of less than 7.20 or a base deficit of at least 12 within the first hour after birth. Fifty cases were originally eligible for inclusion in this study, but 13 were excluded because of insufficient blood sample (n=3), congenital or perinatal infection (n=2), histologic or clinical chorioamnionitis (maternal temperature during labor greater than 38°C and foulsmelling amniotic fluid) (n=5), maternal drug addiction (n=1) and congenital malformation (n=2). Only one infant in the case group did not complete one month of the follow-up. Fifty healthy neonates (defined as those neonates who were free of a postnatal clinical event during the first week of life) were also recruited as the control group. Among these fifty control neonates, five were excluded due to the incomplete data.
Clinical assessment
Neurological functions of the neonates were assessed at birth, and on the second and seven days of life. These included a systematic assessment of mental status (level of alertness), cranial nerve function, and the motor and sensory systems. In particular, the motor examination included an assessment of spontaneous movement and muscle tone. Posture and resistance of muscles to passive movement were used to assess active tone. Newborn neurological examinations were performed by a single Neonatologist experienced in neurological evaluation without knowledge of the cytokine concentration.
The infants with perinatal asphyxia were subsequently classified dependent on whether they developed HIE within the first seven days after birth. According to the criteria by Sarnat [12] , HIE was classified as mild (grade 1) if hyperexcitability or hyper-alerty or hyper-reflexia persisted without seizures for at least 24 hours after birth; as moderate (grade 2) if the infant was lethargic, had hypotonia, weak primitive reflexes, pupil miosis and seizures; and as severe (grade 3) if the infant had apnoea, flaccid weakness, frequent seizures, decelerated posture, or coma.
In addition to the neurologic dysfunction arising from HIE, endpoints of systemic complications within the first weeks of life included: pulmonary ventilator dependence or the need for supplemental oxygen for >24 hours; congestive heart failure not associated with structural heart disease, or shock, gut ischemia, elevated transaminases, prolonged prothrombin time or partial thromboplastin time, thrombocytopenia, acute tubular necrosis, or oliguria (<1 mL/kg/hour urine flow rates) beyond 24 hours. The outcome was classified as favorable or adverse. A favorable outcome was defined as normal if there was normal neurological development and good general condition at the end of the first month. Adverse outcome was defined as the presence of at least one of the following conditions: hemiplegia, hypertonocity or significant hypotonia, unreliable sucking, seizures resistant to Phenobarbital, and sensory neural hearing loss. 
Laboratory measurements
Blood samples (1-2 mL) from case (n=37) and control (n=45) neonates were collected on the first, second and third days of life. Serum was separated by centrifugation, and then stored in aliquots at -70°C until analysis. IL-6 levels were measured using a highly sensitive and specific enzyme-linked immunosorbent assay kit (Bender MedSystems ® , GmbH, Vienna, Austria). The minimum detectable concentration for IL-6 was 0.1 pg/mL. All samples were run in duplicate. Blood culture, cerebrospinal fluid culture, urine culture, serum creatinine, Na, K, calcium, and IL-6 were determined at the time of the initial evaluations in the neonates with asphyxia.
Statistical analysis
Descriptive statistics and analytical tests were performed using SPSS software. Data were presented as mean±SD or number (%). Establishment of a cutoff value between low and high levels of IL-6 was performed using a receiver operating characteristic (ROC) curve. A p-value of <0.05 was considered statistically significant.
Results
Among 100 neonates who were initially recruited into the study, 82 infants (37 cases and 45 controls) completed the study. There was no statistically significant difference between the two groups regarding weight, gender, gestational age, maternal age and maternal parity (p <0.05, Table 1 ). In comparison with the controls, the cases had a significantly lower APGAR score in the first minute and first five minutes post partum, longer hospital stay, likelihood of Cesarean section, pregnancy or delivery complications, and respiratory problem (p <0.001, Table 1 ).
Out of the 37 infants with perinatal asphyxia, three infants did not develop HIE, 15 developed HIE grade1, 11 grade 2, and eight grade 3. All infants in the asphyxia group had negative body fluid cultures, and received antibiotic treatment for five days or less.
The result of brain Computerized Tomography scan were normal in the three infants with no HIE as well as infants with grade 1 HIE. However, of the 19 infants with grade 2 or 3 HIE, eight were found to have diffused brain oedema, seven had homogenous hyperechogenicity, and three had subarachnoid hemorrhage. The concentrations of serum IL-6 in the first day were considerably higher in the asphyxia group compared with the control group (p <0.001). Likewise, serum IL-6 concentrations in the first day was 119.5±81.1 pg/mL in the infants who subsequently developed HIE, being about 44 fold higher than that of normal infants (2.7±4.6 pg/mL, p <0.001). Among the infants in whom HIE developed, first day serum IL-6 levels were 77.6±63.0 pg/mL in those with stage1,149.4±79.3 pg/mL with stage 2 and 170.8±78.3 pg/mL with stage 3. There was also a significant association between the serum level of the first day IL-6 and severity of HIE (Fig. 1) .
The time course of IL-6 response during the immediately postnatal period in asphyxiated infants is previously unpublished. We found that in the whole group of asphyxiated neonates, as well as within the subgroup with or without HIE, median IL-6 was significantly lower at 48 hours of life than at birth, with a significant decline from 36-72 hours of life (p <0.001). Seventeen of the neonates without asphyxia had adverse outcome. Among the 34 infants who had HIE, 17 had favorable outcome (neurologic development was normal), and 17 had adverse outcome (nine died within the first month of life, and eight had neurodevelopment sequelae). Median serum IL-6 concentrations were significantly higher in neonates with adverse outcome than in those with favorable outcome (170.18 ± 71.1 pg /mL vs 23.8 ± 45.4 pg/mL, p <0.001).
An IL-6 concentration greater than 12.5 pg/mL had a sensitivity of 94.5%, a specificity of 97.7%, positive predictive value of 97.0%, and negative predictive value of 95.0% in predicting the development of asphyxia (Fig. 2) . Serum IL-6 concentrations of greater than 41 pg/mL had a sensitivity of 93.7% and a specificity of 81.5% in predicting the adverse outcome. A serum IL-6 concentration >41 pg/mL and moderate or severe hypoxic ischemic encephalopathy had a sensitivity of 88.2%, a specificity of 96.9%, positive predictive value of 88.2%, and negative predictive value 96.9% in predicting the adverse outcome. 
Discussion
In the present study, we have determined serum levels of IL-6 in asphyxiated and healthy neonates. Serum IL-6 concentrations in the first day of life were significantly elevated in cases compared with the healthy controls, and these elevated concentrations were associated with the severity of asphyxia and a poorer outcome. The elevated serum IL-6 levels could be indicative of the involvement of this cytokine as a potential mediator of asphyxia. Previously, elevated levels of serum IL-1β, IL-8 and IL-6 have been reported for infants at term [13] [14] [15] . Similar to our findings, the concentrations of serum IL-6 have been reported to be higher in asphyxiated neonates than those of normal neonates [1, 15, 16] . However, we have studied a larger population and prospectively measured serum IL-6 concentrations in asphyxiated neonates and age-matched healthy controls at three fixed time points postpartum i.e., in the first, second and third day of life.
Concerning the neonates who were diagnosed with HIE, a significant association was observed between serum IL-6 concentrations and Sarnat's grading of the severity of encephalopathy. A recent study has reported high IL-6 levels in plasma of infants with HIE [13] . However, the authors did not define the cut-off values of serum IL-6 that were predictive of adverse outcome in the longer-term. The present results give additional support to their study, as well as defining the cut-off values of serum IL-6. Our results are also concordant with the finding by Aly et al. [17] who have reported that serum IL-6 concentrations were significantly correlated to the Sarnat's grading of encephalopathy. Moreover, we found that serum IL-6 concentrations were elevated in neonates who subsequently died, compared to those who survived. Serum IL-6 concentrations were also related to neurological outcomes at the end of the first month. These findings are almost in line with previous studies in which the concentrations of IL-6 in cerebrospinal fluid after perinatal asphyxia were related to early and late neurological manifestations [14, 18] . Besides, increased IL-6 levels have been reported in the serum and CSF of stroke patients [19, 20] .
In experimental studies, rats with HIE were found to have peak serum IL-6 levels approximately six hours after the induction of HIE, with concentrations returning to basal levels after 20 hours [21] . To our knowledge, the time course of the cytokine response after birth asphyxia has not been previously reported in human newborns. Our findings showed that serum IL-6 was significantly elevated by approximately 12 hours after birth.
Among the inflammatory cytokines, IL-6 appears as a critical product in the pathogenesis of hypoxicischemic brain injury [22] . The rise in serum IL-6 response within the first 24 hours after hypoxicischemic insult provides additional support for the possible role of this cytokine in the pathogenesis of brain injury. It is also possible that IL-6 might be released as a protective response after hypoxicischemic brain injury, and is involved in the repair mechanisms in the subacute stage of HIE [22] [23] [24] . Since IL-6 is a pleiotropic cytokine with both proinflammatory and anti-inflammatory potential [14, 25] , Further studies are required to clarify this putative bimodal action of IL-6 functions in the pathogenesis of HIE [14] .
In addition to the considerable increase of serum IL-6 in asphyxiated infants, we observed that these concentrations were predictive of short-term outcome. Previously, serum IL-6 concentrations were also found to be highly predictive of the subsequent degree of HIE, and adverse outcomes in the longer run in term infants with perinatal asphyxia [19, 26] . IL-6 is known to have neurotrophic and neuroprotective effects. Therefore, it is not clear whether IL-6 participates in the degeneration or repair of neurons after ischemic brain injury [17] . In a previous study by Tekgul et al. [14] , serum IL-6 yielded a positive predictive value of 86% and 100% specificity for predicting moderate to severe HIE. In another investigation, serum IL-6 concentrations were higher in asphyxiated neonates with either a poor outcome or death [16] . In a retrospective study, Nelson and Grether [27] used dried neonatal blood samples from children with spastic cerebral palsy, most born at term, and gestationally age-matched controls and reported an elevation of IL-6, IL-11, and IL-13 in blood samples yielded a sensitivity and specificity >88% for the diagnosis of cerebral palsy. In addition, elevated serum levels of IL-6 were found in infants with changes characteristic of encephalopathy on magnetic resonance imaging (MRI) and who evolve to cerebral palsy [28] . In our study, the addition of serum IL-6 (>41 pg/mL) to the presence of moderate and severe hypoxic-ischemic encephalopathy allowed an improvement in the specificity and negative predictive value for adverse outcome.
In conclusion, we indicated that serum IL-6 concentrations increased considerably after birth asphyxia, and these increases were associated with the severity of encephalopathy and a poorer outcome. Hence IL-6 might have an important role following injury to the CNS, and serum concentrations appear to be a good predictor of outcome in HIE. However, more investigations are required for better understanding of the role of this cytokine in cerebral injury caused by hypoxic insult.
